Ϫ
proteins at the membrane skeleton has come from the transfectants adhere to CD36 in static assays; when study of P. falciparum lines propagated in in vitro culture tested under flow conditions that mimic those of postthat have undergone spontaneous chromosome breakcapillary venules, however, the binding to CD36 was ages, which result in the loss of structural genes (Corcodramatically reduced. These data suggest that knobs ran et al., 1986; Pologe and Ravetch, 1986) . For example, on P. falciparum-infected erythrocytes exert an imporlines that have lost approximately 200 kb from one end tant influence on adherence of parasitized-erythroof chromosome 2, a region that includes the KAHRP cytes to microvascular endothelium, an important progene, do not express knob structures (Pologe and Racess in the pathogenesis of P. falciparum infections. vetch, 1986) . Ascribing the knob structure to expression of the gene encoding KAHRP is problematic, as many Introduction other genes are lost in this deletion event including PfEMP3 (Lanzer et al., 1993) , which encodes a 315 kD The etiological agent responsible for the most severe protein that is also localized in knobs (Pasloske et al., form of human malaria is the intraerythrocytic protozoan 1993). Clearly, more precise studies are needed to unparasite Plasmodium falciparum. Clinical manifestaderstand better the function of such proteins in infected tions of P. falciparum malaria include cerebral malaria, cells. which is the major cause of death from this disease, Recently, methodologies for both transient (Wu et al. , whereby infected erythrocytes sequester in the deep 1995) and stable (Crabb and Cowman, 1996; Wu et al., vascular beds of the brain (MacPherson et al., 1985; transfection of P. falciparum were developed. Aikawa, 1988) . During growth of the asexual stage These studies showed that plasmid constructs that posof the parasite in human erythrocytes, a series of drasessed the selectable marker Toxoplasma gondii dihymatic and extensive changes occur in the structural and drofolate reductase-thymidylate synthase (TgDHFRfunctional properties of the infected erythrocyte, which TS), which had been mutated to confer resistance to includes development of the ability to adhere to endothethe anti-folate drug pyrimethamine, could be maintained lium (Udeinya et al., 1981) . Crucial to these changes are episomally in infected parasites. Following an extended proteins of parasite origin that are either deposited on period of in vitro culture, plasmids integrated into the the inner aspect of the erythrocyte membrane or in-P. falciparum genome, in general, by a process of homolserted into it (Kilejian and Jensen, 1977; Howard et al., ogous integration (Crabb and Cowman, 1996; Wu et 1988) . Recent studies have concentrated on elucidating al., 1996). This occurred despite the presence of only relatively short homologous sequences in the various the interactions of these proteins with various ligands parent was not observed, whereas hybridization to chromosome 2 was obtained for both 3D7-KO1 and 3D7-KO2. Therefore, it was apparent that the selectable marker had integrated into chromosome 2 of both cloned lines. An identical pattern of hybridization, as obtained for the TgDHFR-TS probe, was observed with the plasmid probe pGem, which showed that the plasmid backbone also had integrated into chromosome 2. This indicated that integration did not involve a double-crossover event into KAHRP, a process that would have deleted the plasmid backbone.
In order to test if the transfected plasmid had integrated into the KAHRP gene on chromosome 2, genomic DNA from 3D7 and 3D7-KO1 was digested with BamHI and EcoRI prior to Southern blotting. Filters were probed with the KAHRP exon 2/half1 DNA fragment ( Figure 2D ). In 3D7, a 7.4 kb BamHI fragment was observed, whereas ment in 3D7, whereas 3D7-KO1 showed a fragment of 22 kb and a second fragment of 3.9 kb. These results are consistent with homologous integration of a single plasmid constructs. It was clear that targeted gene discopy of the transfection plasmid into the KAHRP exon ruption experiments were now a distinct possibility.
2/half1 region by a single-crossover event ( Figure 2D ). In this paper, we describe the targeted disruption of To confirm this, the restriction enzyme digests of genothe gene encoding KAHRP by transfection of the KAHRPmic DNA from 3D7 and 3D7-KO1 were probed separately positive (K ϩ ) P. falciparum parasite line and show that with the TgDHFR-TS and pGem DNA fragments (Figures this protein is essential for knob formation. The distribu-2A and 2D). These probes did not hybridize, as extion of PfEMP1 is different in K Ϫ transgenic lines, sugpected, to the 3D7 parent line. However, hybridization gesting that KAHRP is involved in the localization of patterns obtained with 3D7-KO1 ( Figure 2A ) were conPfEMP1. Analysis of the adherence properties of the sistent, with a single-crossover event occurring in the parental and transgenic parasite lines shows that a bio-KAHRP exon 2/half1 region ( Figure 2D ). Identical results logical function of knobs in P. falciparum is to enable were obtained with genomic DNA prepared from the parasitized cells to cytoadhere to microvascular endotransfected cloned line 3D7-KO2, as well as the unthelium under physiologically relevent flow conditions. cloned parental transfectants, 3D7-tran1, and a second independent transfection experiment, 3D7-tran2 Results (data not shown). These results showed that the pTgD-TS.CAM5/3.KP plasmid had integrated into the KAHRP Disruption of the KAHRP Gene coding region in a manner that would disrupt the expresTo disrupt the KAHRP gene in P. falciparum, a plasmid sion of KAHRP. vector (pTgD-TS.CAM5/3.KP), which comprises a selectable gene flanked by two halves of the second exon of the KAHRP gene, was constructed (see Figure 2C) KAHRP Is Not Expressed in the P. falciparum Transfectants (Crabb and Cowman, 1996) . The selectable gene cassette comprised the TgDHFR-TS gene, which was modiProteins from synchronized trophozoite-stage parasites of 3D7, 3D7-KO1, 3D7-KO2, 3D7-tran1, and 3D7-tran2 fied to confer resistance to pyrimethamine and flanked by the P. falciparum calmodulin promoter and 3Ј-unwere examined by immunoblot analysis. Membranes were probed with a rabbit anti-KAHRP antiserum that translated regions. The construct was transfected into the K ϩ cloned P. falciparum line, 3D7, which is known was raised to a hexahistidine fusion protein comprising a region of the KAHRP protein. The antisera reacted to be sensitive to pyrimethamine. In order to select for parasites possessing integrated plasmids, the concenwith a protein of ‫011ف‬ kDa in the parent line 3D7 but did not react with a protein of this size in 3D7-KO1, 3D7-tration of pyrimethamine was increased, and the transfectants cultured for a further 4 weeks, at which point KO2, 3D7-tran1, and 3D7-tran2 ( Figure 3 ). An identical filter was probed with an anti-hsp70 antiserum, and a they were cloned. Chromosomes from the parent line, 3D7, and two randomly selected clones, 3D7-KO1 and protein corresponding to hsp70 (70 kDa) (Bianco et al., 1986) was detected in approximately equal amounts in 3D7-KO2, were separated by pulsed-field gel electrophoresis (PFGE), transferred to a nylon filter, and probed each cloned line, showing that an equal amount of protein was loaded in each track (Figure 3) . Therefore, intewith the KAHRP gene (Figure 1 ). The KAHRP gene is located on chromosome 2 (Corcoran et al., 1986) , and gration of the plasmid pTgD-TS.CAM5/3.KP into the KAHRP gene of 3D7-KO1, 3D7-KO2, 3D7-tran1, and the probe hybridized to this chromosome in 3D7 as well as 3D7-KO1 and 3D7-KO2. An identical filter was probed 3D7-tran2 has resulted in the loss of expression of this protein. with the TgDHFR-TS gene, and hybridization to the 3D7 
KAHRP Expression Is Necessary for
micrographs of 3D7 ( Figure 4A ) showed a typical knobbed surface present on the infected erythrocyte the Formation of Knob Structures KAHRP is one of several proteins associated with knobs plasma membrane; however, 3D7-KO1 and 3D7-KO2 show a smooth erythrocyte membrane surface (Figure on mature parasites (Kilejian, 1979) . To determine if this protein is essential to the formation of this structure, 4D). Transmission electron microscopy of 3D7 showed the presence of numerous electron-dense structures mature trophozoites from 3D7, 3D7-KO1, and 3D7-KO2 were analyzed by scanning electron microscopy and that have been previously identified as knobs ( Figures  4B and 4C ) (Kilejian, 1979) . These structures were absent transmission electron microscopy. Scanning electron in 3D7-KO1 and 3D7-KO2 ( Figures 4E and 4F ). More than 100 individual parasites were examined by transmission electron microscopy in each parasite line, and 70% of 3D7 trophozoites showed clearly evident knob structures, whereas these were not detected in any of the trophozoite-stage parasites examined from 3D7-KO1 and 3D7-KO2. Therefore, expression of KAHRP is essential for formation of knobs in P. falciparum.
Localization of PfEMP1 in K Ϫ Transfectants
To examine the distribution of PfEMP1 in the K Ϫ transfectants, 3D7-KO1, 3D7-KO2, 3D7-tran1, and 3D7-tran2 were compared to the 3D7 parental clone by immunofluorescence using an antisera raised to the acidic terminal (Baruch et al., 1995; Su et al., 1995) from KO2, a var gene in the 3D7 P. falciparum cloned line. AffinityProteins from synchronized trophozoites were separated by SDSpurified anti-ATS antibodies were analyzed for specific-PAGE and blotted to nylon filter. Identical filters were probed with ity by immunoblots to GST protein and the GST-ATS either antibodies to the Hexahis-KAHRP fusion protein (left panel) or antibodies to the P. falciparum hsp70 protein (Bianco et al., 1986 Immunoblotting of different lines of P. falciparum using the affinity-purified anti-ATS antibodies to detect the PfEMP1 proteins. Proteins from SDS extracts of 2 ϫ 10 5 trophozoites were seperated by SDS-PAGE, transferred to polyvinylidene difluoride membrane, and incubated with affinity-purified rabbit anti-ATS antibodies for 1 hr at room temperature. Bound antibodies were visualized using the ECL Western blot method. (B) Localization of PfEMP1 in 3D7 and 3D7-KO1 by immunofluorescence and confocal microscopy using anti-ATS antibodies. Affinitypurified antibodies to the ATS domain of a var gene from 3D7 were reacted with acetone/methanol-fixed smears of each cloned line. Following incubation with FITC-labeled goat anti-rabbit antibody, smears were visualized by laser-confocal microscopy. The P. falciparum cloned lines shown are as follows: late rings with no pigmented cells, 3D7 (a and b), 3D7-KO1 (e and f); mature trophozoites ure 5A) and in other parasite lines (data not shown) varied significantly. A single protein band was also de-GST protein but did react strongly to the GST-ATS fusion tected in B8, a parasite line that has deleted a large protein (data not shown). Also, preincubation of the antiportion of chromosome 2 including the gene encoding bodies with the GST-ATS fusion protein removed reacPfEMP3 (Biggs et al., 1989) , suggesting that the antisera tivity to the GST-ATS protein (data not shown). These is not cross-reacting with this protein molecule (data results showed that the affinity-purified antibodies are not shown). Taken together, these data indicate that the specific to the ATS portion of the fusion protein.
anti-ATS antibodies bind PfEMP1 and that 3D7, 3D7-To show that the affinity-purified anti-ATS antisera KO1, 3D7-KO2, and 3D7-tran1 express a PfEMP1 molereacted with a protein that had the expected properties cule(s) of the same size. of PfEMP1, we extracted Triton X-100-insoluble SDSTo determine if the pattern of expression of the soluble proteins from 3D7, 3D7-KO1, 3D7-KO2, 3D7-PfEMP1 protein had altered between parental and tran1, and CS2 parasite lines. CS2, an E8B-derived line KAHRP Ϫ knockout lines, the parasites were synchroselected for adherence to chondroitin sulfate, was innized, and smears taken every 8 hr throughout the asexcluded as an example of a different parasite line. The ual life cycle of the parasite. No fluorescence was deproteins were separated by SDS-PAGE, and immutected when either rabbit prebleed antibodies, rabbit noblots probed with the affinity-purified anti-ATS antianti-GST antibodies, or the FITC-goat anti-rabbit second antibody alone were used (data not shown). When bodies. A large molecular mass protein of over 200 kDa (data not shown) but was clearly evident in late rings, a Trypsin (10 g/ml) and soybean trypsin inhibitor (100 g/ml) were where a punctate pattern of expression was observed added simultaneously to controls.
in 3D7 and 3D7-KO1 (Figures 5Ba, 5Bb , 5Be, and 5Bf), as well as 3D7-KO2, 3D7-tran1, and 3D7-tran2 (data not shown). The punctate spots of fluorescence appeared to be located within the erythrocyte cytoplasm of the to purified CD36. Adhesion to CD36 was significantly decreased after incubation with 1 g/ml of trypsin for P. falciparum-infected cell, and some cells showed the large spots apparently aligned directly under the erythboth 3D7 and 3D7-KO1 and completely ablated if the concentration of trypsin was raised to 10 g/ml (Table rocyte membrane. As the synchronized parasites developed, 3D7 showed a difference in the pattern of expres-2). Coincubation of the cells with trypsin and soybean trypsin inhibitor did not affect adhesion to CD36, showsion of PfEMP1 compared to the KAHRP Ϫ transfectants. 3D7 parental cloned line gave a pattern suggestive of ing that the disappearance of binding was due to digestion of a protein molecule on the infected erythrocyte strong surface fluorescence with no punctate pattern evident ( Figures 5Bc and 5Bd) ; however, the 3D7-KO1 membrane. The exquisite protease sensitivity of the CD36-mediated adhesion of 3D7 and 3D7-KO1 supports (Figures 5Bg and 5Bh) , 3D7-KO2, 3D7-tran1, and 3D7-tran2 still had a punctate pattern. There was clearly the contention that this interaction is mediated via PfEMP1 expressed on the red cell membrane surface, fluorescence suggestive of surface labeling, but this was not as intense or as uniform as that seen in 3D7. An and this datum is consistent with the pattern of immunofluorescence seen with the anti-ATS antisera. identical pattern of fluorescence was observed when the smears were probed with an antibody made to the Although adhesion of the 3D7 parental line compared to the KAHRP Ϫ knockout lines was similar under static DBL region of a var gene (data not shown). The differential localization of PfEMP1 in 3D7 compared to 3D7-conditions, a more physiologically relevant measure is under conditions that mimic wall shear stresses found KO1, 3D7-KO2, 3D7-tran1, and 3D7-tran2 showed that KAHRP (and/or knob) expression is important in the in the microvascular compartment where P. falciparum is known to sequester. Therefore, adhesion was quantilocalization of PfEMP1 and appears to be involved in trafficking PfEMP1 to the erythrocyte surface and/or in fied under flow at different wall shear stresses. Under these conditions, dramatic differences were observed correctly distributing PfEMP1 once on the surface.
between the adhesive capacity of the K ϩ and K Ϫ parasites ( Figure 6 ). When flowed through the flow chamber, Knobs Are Important for Cytoadherence under Physiological Flow Conditions all parasite lines tested were able to adhere to the platelet monolayer at wall shear stresses in the range 0.05-0.3 To assess the role of knobs in cytoadhesion, we quantified adhesion of parasitized cells to known endothelial Pa, although the absolute level of adhesion was highly shear dependent; that is, the number of parasitized cells cell-expressed receptors using both static and flowbased assays. In static assays, all parasitized cells adthat adhered was highest at 0.05 Pa but decreased monotonically with increasing stress. Importantly, the hered well to CD36 with no apparent differences in the level of adhesion between the 3D7 parent and either of 3D7 parental line adhered at levels four to five times higher when compared to 3D7-KO1 or 3D7-KO2 lines the transfected clones 3D7-KO1 and 3D7-KO2 (Table 1) . In contrast, there was no significant adhesion of any parunder identical flow conditions ( Figures 6A and 6B ). Similar results were obtained with the uncloned independent asite line to intercellular adhesion molecule-1 (ICAM-1) or chondroitin sulfate A (CSA) when tested in the same transfectants 3D7-tran1 and 3D7-tran2 ( Figure 6B ). For all five parasite lines, parasitized cells formed stationary, assay. Also, the uncloned transfected lines 3D7-tran1 and the second independent line 3D7-tran2 showed rather than rolling, interactions (Cooke et al., 1994) . In order to make a quantitative estimation of the equivalent levels of binding to CD36 as the 3D7-KO1 and 3D7-KO2 cloned lines in static assays (data not strength of the adhesive interaction, we measured the ability of adherent parasitized cells to withstand detachshown).
Previously, it has been shown that PfEMP1-mediated ment by increasing levels of wall shear stress ( Figure  6C ). On average, the wall shear stress to detach 50% adherence is highly sensitive to inhibition with incubation of parasitized cells to trypsin. In order to strengthen of adherent parasitized cells for the 3D7-KO1, 3D7-KO2, 3D7-tran1, and 3D7-tran2 transfected lines was 0.33 Pa the evidence that binding to CD36 is mediated by PfEMP1, we incubated 3D7 and 3D7-KO1 with varying compared to 0.95 Pa for the 3D7 parent line. Taken together, these results show that the K Ϫ transfected concentrations of trypsin before testing for adherence ), then expressed as adherent parasitized cells/mm 2 /10 7 parasitized cells perfused to normalize for differences in parasitemia between experiments and allow for differences in flow rate at the different wall shear stresses. Data represent the mean Ϯ SEM from three to five separate experiments using platelet-coated flow chambers from a single batch. (B) The same data from (A) and equivalent experiments for 3D7-tran1 and 3D7-tran2 at wall shear stresses of 0.05 and 0.1 Pa, but adhesion of the K Ϫ lines at each level of wall shear stress is expressed relative to the number of K ϩ parasitized cells that adhered (normalized to 100%). (C) The effect of increasing levels of wall shear stress on the number of parasitized cells that remained adhered to the platelet monolayer in the flow chamber. Parasitized cells were first allowed to adhere at 0.1 Pa, then exposed to stepwise increases in the level of wall shear stress. Data are shown from one typical experiment and represent the number of parasitized cells that remained adherent at each level of wall shear stress (expressed relative to the number initially adherent at 0.1 Pa).
lines adhere poorly, with low bond strength, to CD36 at predominant var gene and attributes the differences in wall shear stresses that reflect the levels proposed to adhesion under flow conditions to the absence of exist in the microcirculation in vivo (Chien, 1972 Upon infection with a malaria parasite, an interesting parasite line was used for RT-PCR using three different set of changes occurs to the human erythrocyte. In essets of oligonucleotide primers ( Figure 7A ) to exclude sence, it is converted into a more typical, although still the possibility of differential priming. Also, the oligonucleotides extended over the intron of the var genes to ensure that expressed transcripts were being analyzed. The SVL region of var genes is very diverse between the genes that have been analyzed. However, there are conserved motifs that enable degenerate oligonucleotides to be used in RT-PCR experiments.
Sequence analysis of the var gene transcripts in 3D7, 3D7-KO1, 3D7-KO2, 3D7-tran1, and 3D7-tran2 showed that each of these parasite lines expressed one predominant var gene, termed "type a" ( Figure 7B ). A second var gene (type b) was detected in 3D7, 3D7-KO2, and 3D7-tran1, but this appeared to be present at lower levels than the "type a" gene. Use of the same oligonucleotide primers similarly to analyze cloned lines derived from 3D7 that had been selected for binding to chondroitin sulfate and ICAM-1 respectively, showed that these out clones. This datum is strongly indicative of the pa-
The numbers represents the number of clones of sequence type "a" or "b" identified in each parasite line.
rental and KAHRP Ϫ knockout lines expressing the same relatively simple, eukaryotic cell by the appearance of adherence of both the K ϩ parent and K Ϫ transfected lines is highly sensitive to trypsin. From the point of new structures in the red cell cytoplasm and new proteins at the red cell membrane (Deitsch and Wellems, view of assigning a function to KAHRP, it is of little consequence whether the observed adherence was due 1996). At least eight parasite proteins that bind to the red cell cytoskeleton have been identified, but for most to PfEMP1 alone or a combination of two or three CD36-binding molecules. In the absence of KAHRP, infected of these no functional role has been ascribed. The development of gene-targeting technology for P. falciparum cells adhere poorly when physiological shear stresses that simulate those found in the microvasculature are provides a means to understand the role of these proteins in the structural and functional changes induced applied. Adhesion to CD36 was tested using activated platelets in erythrocytes by infection. In this work, we have used gene targeting to disrupt the gene encoding KAHRP.
to ensure the proper conformation of CD36 (Cooke and Nash, 1995) . We noted that for any given shear stress, It was of some note that genomic analysis of eight independent clones and of the uncloned transfectant the K Ϫ transfected clones adhered about 5-fold less efficiently than the K ϩ parent line. Furthermore, for those revealed that each had integrated by the same singlecrossover event, despite the plasmid construct being parasitized cells that were able to adhere, K Ϫ transfected clones were about 3-fold easier to detach. This strongly designed to integrate by a double-crossover event and possessing other sites (noncoding sequences) for hosuggests that the biological role of knobs is to permit adhesion of flowing parasitized cells in the hemodymologous recombination. One possibility for this was that the number of integration events that occured in namic environment of the microcirculation and, once adhered, to strengthen the interaction so that parasitthe selected parasite population may have been very few. We consider this unlikely, since, following the selecized erythrocytes can withstand detachment by the shear stresses found in the human vasculature. tion procedure, virtually all parasites in the uncloned population possessed integrated rather than episomal There are several possible ways that knobs can strengthen the interaction with ligands on the surface forms. This was in contrast to transfections performed previously that showed homologous integration into of endothelial cells. PfEMP1 has been shown to be enriched at the surface of knob structures (Baruch et al., noncoding sequences (Crabb and Cowman, 1996; B. S. C. et al., unpublished data ) . In these instances, 1995), implying that the cytoplasmic tail of PfEMP1 interacts with some component of the knob. The most likely following the selection period, the majority of the transfected parasites still possessed episomal forms of the candidate protein for this interaction is KAHRP, which itself is then linked to spectrin in the red cell cytoskeleton plasmid. Also, a second independent transfection of the KAHRP knockout plasmid into 3D7 yielded results (Kilejian et al., 1991) . The physical consequence of such an interaction is that extensional forces applied to identical to those obtained in the first transfection. It is therefore likely that with this plasmid, at least, the singlePfEMP1 would be distributed over the surface area of the knob and increase the effective force that could be crossover event observed occured relatively frequently and was strongly favoured over other integration events.
applied to PfEMP1 without its physical removal from the membrane. In a knob Ϫ line, PfEMP1 would be more This study shows that expression of KAHRP is essential for the formation of knobs on P. falciprum-infected weakly tethered to the membrane and the membrane skeleton. The differences in the localization of PfEMP1, erythrocytes. While other proteins are present in knob structures, the presence of KAHRP is obligatory for their as shown by immunofluorescence microscopy, between the transfected and parent parasite lines suggest that formation. The formation of knobs clearly requires the assembly of knob-associated proteins into some sort the interactions of the cytoplasmic tail of the receptor have been altered. Finally, it remains possible that of macromolecular structure, the mechanisms of which remain to be elucidated. The role of PfEMP3, or other KAHRP may actually assist in the transport to and orientation of PfEMP1 in the membrane. knob-associated proteins, in knob formation is presently unknown. Targeted gene distruption of these proteins Several lines of evidence exclude the possibility that the differences in adherence to CD36 under flow condiwould provide important parasite lines to address this question.
tions observed between the parental line and the transfected lines were due to a switch to a new PfEMP1 Our observation that the K Ϫ transfected parasites were able to adhere to purified CD36 in static assays protein that still binds to CD36 but with reduced affinity. Sequence analysis of spliced transcripts showed that as efficiently as the parent indicates that a CD36-adherence receptor remains functional and is retained on the the 3D7 parent and KAHRP knockout lines each express the same predominant var gene. This includes the progsurface of parasitized erythrocytes, despite the absence of KAHRP and knobs. A number of molecules capable eny from two independent transfections, both of which express a var gene that is identical in sequence around of binding CD36 have been described on the surface of the infected red cell, including PfEMP1 (Ockenhouse the 3Ј splice site. These results are consistent with the fact that the size of the PfEMP1 protein identified in and Chulay, 1988; Baruch et al., 1996) , sequestrin (Ockenhouse et al., 1991) , and aggregated band 3 (Crandall et each of the 3D7 derived lines is the same. As it is clear that these lines express the same predominant PfEMP1 al., 1993) . No studies are available to quantitate their respective contributions to the total binding ability of proteins on the surface of the red cell, the phenotypic differences seen in adherence are due solely to the abthe infected erythrocyte; however, we consider it likely that the majority of CD36 adherence is due to PfEMP1.
sence of KAHRP and knobs. The ability to disrupt genes in P. falciparum will make PfEMP1 is clearly identified as a trypsin-sensitive mole- There is evidence that KAHRP interacts with spectrin Antibodies specific to the ATS portion of the fusion protein were obtained by affinity purification on CNBr-Sepharose with the GSTand actin (Kilejian et al., 1991) , and construction of a ATS fusion protein coupled. The absence of GST reactivity and KAHRP Ϫ transfectant will enable the insertion of mutant specificity for ATS were confirmed by immunoblotting to the fusion forms of the KAHRP gene into the KAHRP Ϫ knob Ϫ paraprotein and purified GST, as well as testing the ability of a preincubasite line to perform a structure-function analysis of this tion with purified GST-ATS fusion protein to remove reactivity to protein. This will be an important step in understanding the same fusion protein.
the complex interactions between KAHRP, the red cell cytoskeleton, and PfEMPI.
Electron Microscopy
Trophozoites for scanning electron microscopy were obtained by Percoll step-gradient purification as previously described (Cowman Experimental Procedures et al., 1991) , and cells prepared by fixation in osmium tetroxide (1%) followed by standard dehydration and observation with a JEOL JSMParasites and Transfection 840 scanning electron microscope. Cells were prepared for transParasites were cultivated (Trager and Jensen, 1978) and synchromission electron microscopy by fixation in glutaraldehyde (1.25%), nized by standard procedures. Parasites were transfected as dethen osmium tetroxide (1%), stained en bloc in uranyl acetate (2%), scribed for transient expression (Wu et al., 1995) with 100 g of and embedded in Spurr's resin. Sections were examined with a plasmid DNA that had been purified using Plasmid Maxi columns JEOL JEM-1200EX transmission electron microscope. (Qiagen, Chatsworth, CA). Following transfection, parasites were returned to 150 cm 2 petri dishes and cultured for 48 hr before selecQuantitation of Adhesion tion with 0.1 M pyrimethamine (Crabb and Cowman, 1996; Static assays for adhesion of parasitized cells to CD36, ICAM-1, al., 1996) . Transfected parasites were detectable after 3 weeks of and CSA immobilized onto 36 mm petri dishes were measured as continuous culture. Parasites containing integrated forms of the described previously (Rogerson et al., 1995) . Trypsin sensitivity of plasmid construct were selected by raising the pyrimethamine con-P. falciparum cytoadherence to purified CD36 was measured by centration to 1.0 M for 4 weeks, followed by single-cell cloning.
resuspending the cell pellets in RPMI-HEPES containing trypsin Construction of the plasmid vector pTgD-TS.CAM5/3.KP was de-(Sigma Chemical Co., St. Louis) at a final concentration of 100, 10, scribed previously (Crabb and Cowman, 1996) . or 1 mg/ml. Soybean trypsin inhibitor (100 mg/ml; Sigma) was added 3D7 was obtained from Prof. David Walliker, Edinburgh University.
similtaneously with trypsin (10 mg/ml) to controls. The tubes were E8B, a clone of Itg2, was obtained by three rounds of selection on incubated at 37ЊC for 30 min, and trypsin inhibitor added to each melanoma cells. CS2 was obtained from E8B by three rounds of at a concentration 10ϫ that of the protease. Serum (10%) was added selection for adherence to chondroitin sulfate, followed by cloning to each to a final volume of 2 ml, and cytoadherence assays per-(J. C. R. et al., unpublished data).
formed and results expressed as the number of parasitized cells bound/mm 2 .
Nucleic Acids and Pulsed-Field Gel Electrophoresis
Flow-based assays for adhesion of parasitized cells were visualGenomic DNA was extracted from trophozoites as described (Copized and quantified under well-defined and carefully controlled flow pel et al., 1987). All of the experiments involving manipulation of conditions using the platelet-coated microslide method described recombinant DNA and the analysis of nucleic acids by Southern previously (Cooke and Nash, 1995) . Inhibition studies using monoblot hybridization were carried out using standard procedures.
clonal antibodies have previously shown that adhesion of parasitChromosomes of P. falciparum were separated by pulsed-field gel ized cells to formalin-fixed platelets in this system is mediated alelectrophoresis (PFGE) using a contour-clamped homogeneous most entirely (Ͼ90%) by CD36 (Cooke and Nash, 1995) . In brief, electric-field apparatus (Chu et al., 1986) at 4.2 V/cm and a pulse flow chambers were prepared by coating the lower internal surface time of 225 s for 72 hr.
of rectangular glass microcapillary tubes with a confluent monolayer Poly(A) ϩ RNA was purified from each parasite line using the Microof formalin-fixed human blood platelets. The chambers were then Fast RNA extraction kit (Invitrogen), and cDNA synthesized using placed on the stage of an inverted phase-contrast light microscope Microfast cDNA synthesis kit (Invitrogen). The expressed var genes and connected at both ends into a system that allows careful control were determined using degenerate oligonucleotides to different reof fluid flow through the chamber. Wall shear stresses in the range gions of the SVL and ATS for PCR reactions. Oligonucleotides used typical for postcapillary venules in vivo (Chien, 1972; Turitto, 1982) were; 1, GGWATWMGWRAAGATGWWTGGAAATG; 2, AAAMGWTG were calculated as a function of the volumetric flow rate of fluid GGTWGAATATTTTTTAGAAGA; 3, CCWGGWACATAWATATCATT through the chamber, which was carefully controlled using a Harvard WATRTC; and 4, GGTTCTAAWACWACTTCWATTAAWGTTTTATAT syringe pump. The number of parasitized cells that adhered at a TTW (W ϭ A/T). The DNA products were cloned into a plasmid variety of wall shear stresses and the ability of cells, once attached, vector, and independent clones were sequenced.
to withstand detachment by increasing levels of stress were quantified by following two protocols recently described in detail (Cooke et al., 1996) . In brief, to quantitate adhesion from flow, parasitized Antisera and Western Blot Assays Proteins from synchronized trophozoites were boiled in Laemmli cells were suspended in HEPES-buffered RPMI1640 containing 1% human serum at approximately 1.5 ϫ 10 7 parasitized cells/ml, then buffer and separated on a 10% acrylamide-bisacrylamide (200:1) gel at 200 V. Proteins were transferred to nylon filters and probed flowed through the chamber for 5-10 min at a desired wall shear stress between 0.05 and 0.3 Pa. This was followed immediately either with rabbit antibodies made to a hexahistidine-KAHRP fusion protein or rabbit antibodies to the P. falciparum hsp70 protein at by cell-free medium at the same stress for 5 min to wash away nonadherent cells. While flow was maintained, the platelet monodilutions of 1 in 2000 (Bianco et al., 1986) .
For the detection of PfEMP1, SDS-soluble proteins were extracted layer was viewed by direct microscopy, and adherent parasitized cells were counted in a number of precalibrated microscope fields. from trophozoite stages of different parasite lines and seperated on SDS-PAGE, followed by immunoblotting, as previously reported To quantitate detachment by flow, parasitized cells were allowed to adhere to the platelet monolayer at 0.1 Pa and quantified as (Baruch et al., 1995) . The filters were probed with rabbit antibodies to the ATS region of the major var gene expressed in 3D7. The ATS above. Flow through the chamber was then increased in a stepwise manner to expose adherent cells to increasing levels of stress, each region used was from a very conserved region consisting of amino acids 2860-2988 (GenBank accession number L40608) and was of 5 min duration. The number of parasitized cells remaining adherent were counted at each level of stress. obtained from cDNA by RT-PCR followed by cloning into the pGex Immunofluorescence red blood cells parasitized by Plasmodium falciparum: separate roles for ICAM-1, CD36 and thrombospondin. Br. J. Haematol. 87, 3D7, 3D7-KO1, 3D7-KO2, 3D7-tran1, and 3D7-tran2 were synchronized with sorbitol, and smears were taken at 8 hr intervals. These 162-170. were fixed in 90% acetone and 10% methanol for 2 min at room Cooke, B.M., Rogerson, S.J., Brown, G.V., and Coppel, R.L. (1996) . temperature. At the same time, smears were stained with Giemsa Adhesion of malaria-infected red blood cells to chondroitin sulfate to determine visually the stage of the life cycle. Fixed smears were A under flow conditions. Blood 88, 4040-4044. incubated with affinity-purified anti-ATS antibodies for 60 min at Coppel, R.L., Bianco, A.E., Culvenor, J.G., Crewther, P.E., Brown, room temperature, washed, and incubated with FITC-conjugated G.V., Anders, R.F., and Kemp, D.J. (1987) . A cDNA clone expressing goat anti-rabbit IgG antibodies (Silenus, Melbourne, Australia). The a rhoptry protein of Plasmodium falciparum. Mol. Biochem. Parasislides were washed and mounted in an antiquenching agent and tol. 25, 73-81. visualized using a laser confocal microscope. All slides and images were treated in an identical manner.
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